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[57] ABSTRACT

Lithium niobate waveguides for light and hithium nio-
bate channel waveguide electro-optic phase modulators
for light include sufficient lithium ions such that, when
an electrical signal of known value i1s applied to such
waveguides and modulators, the phase of light passing
through the waveguide or the modulator changes to a
desired value within a time period that is substantially
instantaneous.

14 Claims, 3 Drawing Sheets
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ELECTRO-OPTIC WAVEGUIDES AND PHASE
MODULATORS AND METHODS FOR MAKING
THEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to lithium niobate optical
waveguides and to channel waveguide electro-optic
phase modulators that include sufficient lithium ions
such that, when an electrical signal is applied to such a
waveguide or modulator, the amplitude of light passing
through the waveguide or modulator changes to a de-
sired value substantially within the transient time of the
applied electrical signal. This invention also relates to
methods of making such optical waveguides and such
channel waveguide electro-optic phase modulators.

2. Background of the Invention

Before now, the amplitude of light waves passing
through lithium niobate optical waveguides, such as the
waveguides used in fiberoptic gyros (FOG’s), has failed
to change substantially instantaneously to a desired
value upon application of an electrical signal to the
waveguide. Instead, the amplitudes of such light waves
has tended to change gradually, requiring time periods
of a few hundred microseconds or more to attain and

maintain the desired value. This gradual change of am-

plitude 1s sometimes called phase relaxation, and seri-

ously degrades the performance of FOG’s containing
them.

A need exists for methods for making optical wave-
guides and for making channel waveguide electro-optic
phase modulators that exhibit substantially no phase
relaxation and that can therefore improve the perfor-
mance of FOG’s containing them by at least one order
of magnitude. :

SUMMARY OF THE INVENTION

‘This 1nvention relates to lithium niobate optical
waveguides, and to lithium niobate channel waveguide
electro-optic phase modulators which contain sufficient
lithium ions such that the phase of a light signal passing
through the waveguide or modulator changes substan-
tially instantaneously to a desired value when a known
electrical signal, such as a step function electrical signal,
is applied to the modulator or wavegunide. More partic-
ularly, the quantity of lithium ions in the waveguide or
modulator is preferably sufficient to cause the phase of
a light signal passing through the waveguide or phase
modulator to change to a desired, steady-state value is
not more than about one microsecond.

One method for making these waveguides and phase
modulators comprises subjecting a lithium niobate
waveguide, before the waveguide undergoes proton
exchange and thermal annealing, to heat treatment in
the presence of oxygen. This heat treatment preferably
takes place at a temperature in the range of about 400°
C. to about 1000° C., at about atmospheric pressure, in
the presence of sufficient oxygen and of sufficient lith-
ium niobate powder or other lithium ion source, and for
a time period sufficient, to diffuse the needed quantity
of Iithium 1ons into the optical waveguide or phase
modulator. The proton exchange and thermal annealing
steps of this method are disclosed in U.S. Pat. No.

3,193,136, issued Mar. 9, 1993, and entitled PROCESS
FOR MAKING MULTIFUNCTION INTEGRATED
OPTICS CHIPS HAVING HIGH ELECTRO-OPTIC
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2
COEFFICIENTS. By this reference, the entire disclo-

sure of that patent is incorporated herein by reference.

FIG. 3 shows a product having a hydrogen ion-ex-
change thermally annealed, Y-shaped polarizing wave-
guide formed on the surface of wafer 15. FIG. 3 also
shows phase modulators, here electrodes, that are used
to apply an electrical signal to the waveguide to change
the phase of the light signal passing through the wave-
guide. FIG. 1 shows in schematic form the same rela-
tionship between waveguide 14 and phase modulating
electrodes 15.

Alternatively, the waveguides and phase modulators
may be made by treating lithium niobate wafers with an
aqueous solution of benzoic acid and lithium benzoate,
for a period of time in the range of about 0.5 to about 20
hours, at a temperature in the range of about 150° C. to
about 300° C., and for a time sufficient to diffuse the
desired quantity of lithium ions into the waveguide or
phase modulator. .

Another alternative method for making the wave-
guides and phase modulators is to subject lithium nio-
bate wafers to proton exchange as described in U.S. Pat.
5,193,136, and then subjecting the proton exchanged-
wafers to thermal annealing, as described in that patent,
but 1n the presence of a lithium ion-rich environment,
such as an environment comprising lithium niobate
powder. The annealing step is carried out for substan-
tially the same time periods and at substantially the same
temperatures, in the presence of oxygen, as described in
U.S. Pat. No. 5,193,136.

The waveguides and phase modulators of this inven-
tion may also contain titanium. To make such wave-
guides and modulators, titanium in-diffusion into the
waveguides or the modulators is carried out in the pres-
ence of lithium niobate or another lithium ion source so
that the waveguide or wafer is impregnated with tita-
nium and lithium ions seriatim or substantially simulta-
neously.

BRIEF DESCRIPTION OF THE DRAWINGS

This invention can be better understood by reference
to the drawings, in which:

FIG. 1 1s a schematic representation of a multi-func-
tion integrated optics chip (MIOC) based on a lithium
niobate substrate and including a channel waveguide
electro-optic phase modulator made of lithium niobate
and including sufficient lithium ions to minimize phase
relaxation;

FI1G. 2A 1s a graph showing a typical electrical step
signal for application to a phase modulator of this inven-
tion; and

FIG. 2B shows the change in phase of the light waves
passing through such a modulator.

FIG. 3 shows embodiment of a product in accor-
dance with the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a lithium niobate-based, multi-function
integrated optics chip, in which the channel waveguide
electro-optic phase modulator includes sufficient lith-
ium 10ns such that, when an electrical signal as shown in
FIG. 2A 1s applied to the waveguide, the phase modula-
tor output amplitude conforms to the dotted line shown
in FIG. 2B, rather than the solid line shown in FIG. 2B.
As FIG. 2B shows, the phase of light passing through
the waveguide changes substantially instantaneously,
and, here, in a time period of less than about one micro-
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second, upon application of an electrical signal to the
waveguide shown in FIG. 1.

The waveguide shown in FIG. 1 was made as fol-
lows. First, the lithium niobate wafer from which the
waveguide was made was inserted into a closed cham-
ber with lithium niobate powder. Oxygen was delivered
to this chamber continuously at the rate of about 250
milliliters per hour. The temperature in the chamber
was raised from ambient to about 1,050° C. incremen-
tally at the rate of 20° C. per minute. After the tempera-
ture in the chamber rose to 1,050° C., the chamber was
held at that temperature for about 7 hours. Thereafter,
the chamber was opened, and the temperature was
allowed to fall rapidly from 1,050° C. to 20° C. The
wafer was then subjected to the proton exchange
method described in U.S. Pat. No. 5,193,163 and the
waveguide was made from the resulting wafer. Applica-
tion of a step electrical signal to this waveguide showed
a substantial reduction in the phase relaxation phenome-
non.

In preferred embodiments, the method is as follows.
A ceramic plate 1s cleaned with a solvent such as isopro-
pyl alcohol, then dried with an inert gas such as nitro-
gen. Small pieces of lithium niobate are then placed on
the plate. The lid of the plate is cleaned with a solvent
such as isopropyl alcohol, and then dried, with an inert

gas such as nitrogen. Thereafter, the lid is placed over

the plate. The covered plate is placed in a furnace,
heated to a temperature of about 1,050° C. in 20° C./mi-
nute increments, and then maintained at about 1,050° C.
for about 7 hours. During the heating, oxygen is deliv-
ered into the chamber at the rate of about 250 milliliters
per hour. Thereafter, the furnace is permitted to cool,
the Iid is removed, the lithium niobate wafer pieces are
removed from the plate, and are then subjected to the
proton exchange/annealing process as described in U.
S. Pat. No. 5,193,136.

What 1s claimed is:

1. A system comprising a lithium niobate optical
waveguide and, alongside said waveguide, an electrode
posttioned to apply an electrical signal to said wave-
guide, said waveguide including a sufficient quantity of
lithium 1ons such that the phase of a light signal passing
through said waveguide changes substantially instanta-
neously to a desired value when a known electrical
signal 1s applied to said waveguide.

2. A Iithium niobate channel waveguide electro-optic
phase modulator having an electrode positioned along-
side said modulator to apply an electrical signal to said
modulator, said modulator including sufficient lithium
1ions such that the phase of a light signal passing through
said modulator changes substantially instantaneously to
a desired value when a known electrical signal is ap-
plied to said modulator. |

3. The product of claim 1 or claim 2 further compris-
ing titanium ions.

4. A fiberoptic gyro including a lithium niobate chan-
nel waveguide electro-optic phase modulator having an
electrode positioned alongside said modulator to apply
an electrical signal to said modulator, said modulator
including a sufficient quantity of lithium ions such that
the phase of a light signal passing through said modula-
tor changes substantially instantaneously to a desired
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value when a known electrical signal is applied to said
modulator.

S. A method comprising heating a lithium niobate
optical waveguide or a channel waveguide electro-op-
tic phase modulator at a temperature and for a time
sufficient, and in the presence of oxygen and lithium
1ons, to produce a waveguide or a modulator including
sufficient lithium ions such that the phase of a light
signal passing through said optical waveguide or said
channel waveguide electro-optic phase modulator
changes substantially instantaneously to a desired value
when a known electrical signal is applied to said wave-
guide or to said phase modulator.

6. The process of claim 5 wherein said heat treatment
takes place at a temperature of approximately 1000° C.

7. A fiberoptic gyro system including a lithium nio-
bate optical waveguide and, alongside said waveguide,
an electrode positioned to apply an electrical signal to
said waveguide, said waveguide including a sufficient
quantity of lithium 1ons such that the phase of a light
signal passing through said waveguide changes substan-
tially instantaneously to a desired value when a known
electrical signal 1s applied to said waveguide.

8. The fiberoptic gyro of claim 7 wherein said wave-
guide further comprises titanium ions.

9. A fiberoptic gyro including a lithium niobate chan-
nel waveguide electro-optic phase modulator having an
electrode positioned alongside said modulator to apply
an electrical signal to said modulator, said modulator
including a sufficient quantity of lithium ions such that
the phase of a light signal passing through said modula-
tor changes substantially instantaneous to a desired
steady state value in less than about 1 microsecond
when an electrical signal is applied to said modulator.

10. The fiberoptic gyro of claim 4 or 9 wherein said
phase modulator further comprises titanium ions.

11. A fiberoptic gyro system including a lithium nio-
bate optical waveguide and, alongside said waveguide,
an electrode positioned to apply an electrical signal to
sald waveguide, said waveguide including a sufficient
quantity of lithium ions in said waveguide to cause the
phase of a light signal passing through said waveguide
to change substantially instantaneously to a desired
steady state value in less than about 1 microsecond
when an electrical signal is applied to said modulator.

12. The fiberoptic gyro of claim 11 wherein said
waveguide further comprises titanium ions.

13. A lithium niobate channel waveguide electro-op-
tic phase modulator having an electrode positioned
alongside said modulator to apply an electrical signal to
said modulator, said modulator including a sufficient
quantity of lithium ions in said modulator to cause the
phase of a light signal passing through said modulator to
change substantially instantaneously to a desired steady
state value 1n less than about 1 microsecond when an
electrical signal is applied to said modulator.

14. A system comprising a lithium niobate optical
waveguide and, alongside said waveguide, an electrode
posttioned to apply an electrical signal to said wave-
guide, said waveguide including a sufficient quantity of
lithium 1ons 1n said waveguide to cause the phase of a
light signal passing through said waveguide to change
substantially instantaneously to a desired steady state
value 1n less than about 1 microsecond when an electri-

cal signal 1s applied to said modulator.
*x X * * *
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